Abstract: Complex molecular orders in heterogeneous Giant Unilamellar Vesicle as well as cell membranes are investigated using polarization resolved two-photon fluorescence microscopy. This method provides local structural information that cannot be achievable using traditional anisotropy measurements. Fluorescence anisotropy is widely used to investigate molecular orientational behaviors in biological media. Such studies are traditionally performed using a set of two states of incident polarization and two analyzed polarization directions, resulting essentially in the measurement of two parameters, I // and I^ depending on the parallel or perpendicular configuration of the incident versus the analyzed directions. This scheme has been successful in cases which are however limited to specific geometries of the molecular angular distributions which are of cylindrical symmetry [1], or from which only an average molecular orientation angle is retrieved [2, 3] .
On the contrary, the traditional anisotropy technique requires a priori knowledge of the molecular mean orientation to defined molecular distribution. In addition for a given position on the membrane, n can be determined with a ±0.5˚ precision, with a slight increase of this error margin to ±2˚at high cone apertures (in this situation the shape of the polarization responses is less sensitive to the orientation, as can be expected from a large angular distribution of molecules). Polarimetric two-photon fluorescent imaging applied to heterogeneous lipid domains in GUVs shows that without a priori knowledge of the domain locations, the measurement of the cone aperture exhibits two populations of behaviour representative of a high order (n around 36˚ for Laurdan type molecules, around 16˚ for TMA-DPH) and a high disorder (n around 71˚ for Laurdan type molecules, around 52˚ for TMA-DPH) . Control experiments based on the spectral identification of the Laurdan emission confirmed the correlation of the ordered (resp. disordered) domains with the Lo (resp. Ld) phases. The Ld behavior is seen to be identical to what is found in a pure DOPC GUV. Polarimetric analysis permits therefore to probe orientational order in a lipid environment. This technique was extended to the investigation of molecular order in COS-7 cell membranes, where a high molecular disorder is seen to occur (Fig 1c) . This disorder is assigned to local cell morphological heterogeneity of sub-micrometric scale, such as occurring in membrane ruffling [10] . In all the studies, the effects of angles between the excitation and emission dipoles in the molecular probes, as well as the possible presence of homo-FRET depolarization, were quantified and included in the data analysis.
Two-photon fluorescence polarimetric imaging, based on a tunable incident polarization and a polarized read-out, is shown to be able to provide information on the molecular angular distribution in different lipid environments at any place of GUV and cell membranes, whatever their local curvature. The sensitivity of polarimetric measurements allows identifying quantitative features of the molecular angular distribution. The spatial identification of molecular order behaviors in heterogeneous lipid and cell membranes can be used as a new type of probe of lipid environment in various systems. This technique can be extended to other nonlinear imaging processes, as well as in complex geometries such as cells of any shape or biomolecular assemblies of a priori unknown nature.
